Human mannose-binding protein (MBL) is a component of innate immunity. To capture the common genetic variants of MBL2, we resequenced a 10.0 kb region that includes MBL2 in 102 individuals representing four major US ethnic groups. In all, 87 polymorphic sites were observed, indicating a high level of heterozygosity (total p ¼ 18.3 Â 10
Introduction
The human mannose-binding protein (MBL) is an important component of the innate immune system and provides first-line protection against pathogens as an 'ante-antibody'. 1 MBL is a C-type collectin that functions as a pattern-recognition molecule in the immediate response to invading organisms. Carbohydrate structures on the surfaces of microorganisms (bacteria, fungi and parasites) are recognized by MBL, 2- 5 which, in turn, lead to opsonization or activation of the lectin pathway of complement via associated mannosebinding lectin serine proteases (MASP2). [6] [7] [8] Decreased serum levels of MBL have been correlated with an increased risk for infection in both healthy children and immunocompromised individuals. Circulating levels of MBL and functional activity are partially regulated by genetic variation in the MBL2 gene, which encodes MBL. 9, 10 The MBL2 gene is located on chromosome 10q11.2-21 and consists of four exons. 11 Each of the three structural gene polymorphisms in exon 1, known as the B, C and D alleles, interfere with the formation of higher MBL oligomers, leading to alterations in function and circulating levels. [12] [13] [14] [15] Two strongly linked single-nucleotide polymorphisms (SNPs) lie in the proximal promoter (known as L/H and X/Y), as well as an SNP in the 5 0 UTR (known as P/Q); together, these upstream SNPs are linked to the three independent nonsynonymous SNPs (ie, B, C and D) to form the 'secretor haplotypes', which have previously been shown to partially account for alterations in complement activation and decreased circulating levels of MBL. 7, 9, 10, [16] [17] [18] [19] [20] Using the six SNPs above, it is possible to map circulating levels against the seven common 'secretor haplotypes' in at least 85% of subjects. The high incidence of heterozygosity for the structural variants in many populations throughout the world 9, 10 suggests that there may be a selective advantage for heterozygotes; moreover, individuals heterozygous for B, C and D may be protected against certain pathogens, especially intracellular microorganisms (ie, Mycobacteria spp and Leishmania spp. [21] [22] [23] [24] [25] [26] [27] The fact that there are only seven common haplotypes (eg, HYPA, HYPD, LXPA, LYPA, LYPB, LYQA and LYQC) further supports the role for recent selective pressure on MBL2.
MBL deficiency, measured as low serum levels, has been associated with susceptibility to infection in children and adults. [28] [29] [30] [31] Pilot studies suggest that MBL deficiency is associated with severe febrile, neutropenic infectious events following myelotoxic therapy for cancer or marrow transplantation. 28, [32] [33] [34] Low MBL serum levels have also been associated with autoimmune diseases such as systemic lupus erythematosus and rheumatoid arthritis. [35] [36] [37] Structural exon 1 variants in MBL2 appear to modify pulmonary outcome in cystic fibrosis (CF) and rheumatological outcomes in chronic granulomatous disease. [38] [39] [40] We hypothesized that if there has been recent selection on MBL2 common genetic variation could result in selectively advantageous innate immune responses, depending upon the challenge. Moreover, the extent of linkage disequilibrium (LD) and haplotype diversity across MBL2 could provide signatures for selective pressure, however complex, and provide insight into whether the common alleles, B, C and D, have been maintained under balanced selection. We characterized genetic variants across the MBL2 gene by sequence analysis in four groups that estimate the major ethnic populations in the USA to determine if common MBL2 'secretor haplotypes' are linked to additional variants, to determine the pattern of LD, haplotype diversity and possible genetic signatures of recent evolutionary selection. Furthermore, detailed annotation of genetic variation across the entire locus could lead to the identification of markers linked to the 'secretor haplotypes'. In turn, these additional variants could improve the correlation between common variants and measured MBL serum levels. Our data indicate that MBL2 is divided into haplotype blocks with a probable recombination hot spot in the 3 0 end of the gene. There is evidence for gene conversion in this region of the gene, namely the last exon. We observed that each of the structural SNPs of exon 1 lie on a restricted number of 5 0 haplotypes, suggesting the effect of recent, selective pressure. Thus, the haplotype diversity described here should be valuable in pursuing association studies using a locus-wide approach to the candidate gene MBL2.
Results

Allele frequencies in MBL2
A total of 87 polymorphic sites (85 SNPs, two insertion/ deletion polymorphisms) in 10 004 bp (one segregating site every 118 bp) were identified by re-sequence analysis (Appendix Table B1 ). The relative number of segregating sites was similar between the coding region (one in every 107 bp) and non-coding region (one in every 116 bp). In Figure 1 , these sites are mapped on the structure of the gene. In all, 57 SNPs or 67% of all variants were transitions, which is comparable to the published rates across the genome. 41 The genotype frequencies of all variant sites in each test population conformed to HWE. Seven sites were located in the coding region of MBL2, whereas 80 polymorphisms were found in non-coding regions. In addition to the three non-synonymous SNPs in exon 1 (153C4T, R52C, 'D', rs5030737; 160G4A, G54D, 'B', rs1800450; 'C', 169G4A, G57E, rs1800451), there is a synonymous SNP in exon 4 (L126L, rs930507) and there are three additional segregating sites in exon 4 (3159C4T, N136N; 3278 A4G, N176S; 3379G4T, E209X). N176S was observed once, as a singleton in the Hispanic group, as was observed for the premature stop codon, E209X, in the AA. Overall, 15 segregating sites (17%) were singletons with the highest number in the AA (n ¼ 7; Table 1 ). The four test populations shared 46 (53%) of the 87 variants and the majority of population -private SNPs -occurred at low frequencies. One triallelic SNP was observed, but it was excluded from further analysis. In all, 11 of the nonshared SNPs had a minor allele frequency of 0.05 or greater in at least one population, and five of those had a frequency Z0.05 in the combined sample. The two deletions in the non-coding sequence were not detected in the sequence of the chimpanzee (a six-base bp deletion between À397 and À391 and a two-base deletion of þ 753 and 754 in IVS2).
The Watterson estimate of y was 14.5 Â 10 À4 across the entire gene in the pooled population without a significant difference between the coding region (15.9 Â 10
À4
) and the non-coding region (14.4 Â 10 À4 ). The estimate of overall nucleotide diversity (p) was 18.3 Â 10 À4 (Table 1 ). The nucleotide diversity was higher in the non-coding region (19.0 Â 10 À4 ) than in the coding sequence (10.4 Â 10 À4 ). Both the number of variant sites and the level of nucleotide diversity varied among the four populations, with the highest sequence diversity in the AA (p ¼ 21.3 Â 10
) and the lowest value in the PR population (p ¼ 13.9 Â 10
). This greater sequence diversity in populations of African ancestry had been previously documented in surveys of human genes. [42] [43] [44] The estimates for Tajima's D T across the entire gene both in the pooled population of 102 individuals (Tajima's D ¼ 0.817, P40.1) and in each of the four groups separately yielded higher than expected values under the assumption of strict neutrality, yet did not reach statistical significance (Table 1) . In contrast, the Fu D F and F statistics across the entire locus was significantly positive for the Caucasians. This statistic considers the difference between the number of mutations observed only once in a sample (singleton), and either the number of segregating sites or the average number of nucleotide differences between pairs of sequences. Moreover, for Caucasians alone both Tajima's and Fu and Li's statistics revealed a significantly positive deviation from neutrality in the 5 0 haplotype block (for block boundaries, see the following discussions). In the 3 0 block, the PR is significant in all the three statistics, while the other three are still positive. In contrast to the observation in the 5 0 block, it seems to be notable that the lowest D T value of the 3 0 block was observed in the Caucasians. To quantify the degree of genetic differences between the sample groups, the F ST statistic was determined, and the estimate of F ST over all sites for the four populations was 0.06 (range: 0.007-0.155, see Table 2 ). Although this value appears to be low, the observed range falls within F ST estimates of 10-15%. 45 In Figure 2 , F ST for all variants is plotted for all four groups as a function of distance.
The calculated values for each site were slightly elevated in the 5 0 end of the gene and the lowest extent of population subdivision was found around the coding sequence of exon 4. The highest F ST values were observed for the SNPs À619, IVS þ 1105, IVS þ 1173 and 5189, which are components of the HYP haplotype, the most recent 'secretor haplotype' associated with increased 
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MBL levels seen predominately in the non-African populations. 10 In a pairwise comparison, the biggest difference is between AA and either CA (see Table 2 ).
In a comparison of the human and the chimpanzee sequence, there are 83 fixed differences; 81 silent and two amino-acid replacements in exon 4, the coding region of the functional important CRD. Overall, the humanchimpanzee sequence divergence was 1.2% and similar to the reported genome-wide divergence between species. 46, 47 Sequence analysis of five unrelated chimpanzees showed that 62 of the detected human variant sites in MBL2 were monomorphic. Furthermore, the minor human allele was fixed in the chimpanzee sequence for 23 SNPs, suggesting that these minor alleles are ancient (see the analogous row in Figure 5 ). These SNPs were also frequent in subjects of African ancestry, which may be the oldest in origin. 48 The singleton SNP 4786G4A in AA represents a trans-species polymorphism. SNPs at positions À2703 (rs2165810) and À1165 differ between the human and chimpanzee sequences (W vs R, K vs R), indicating separate mutational events in chimpanzee and humans. The three non-synonymous SNPs in exon 1 of MBL2 (B, C and D) could not be detected in the chimpanzee and orang-utan. Both non-human primates possess the L allele at position À619 (aka À550), but differ at one of the promoter SNPs, the Q allele in the orang-utan and the P allele in chimpanzee. Neither the X nor Y alleles were observed in the five chimpanzees, whereas the Y allele was observed in orang-utan.
LD in MBL2
The LD pattern across MBL2 was estimated using pairwise measures of ID'I. For further analysis, 51 SNPs with a minor-allele frequency (MAF) greater than 0.05 in the pooled population were chosen. The LD plots indicate a two-block structure in each population by ID'I for MBL2 (Figure 3a-d) . 49, 50 The SNPs forming the 'secretor haplotypes' lie within the 5 0 block. Consistently, in all the four populations, there is evidence for a 2.0 kb block containing 11 SNPs, which maps to the 3 0 UTR and are not in linkage with the markers in the 5 0 block. Ascertainment of extensive variation was applied to an analysis of possible recombination rate using the PHASE The parameters of nucleotide diversity were calculated based on the re-sequence analysis across the entire gene spanning a distance of roughly 10.0 kb including 3.0 kb upstream from exon 1 and roughly 0.7 kb downstream of the poly-A tail, and for the two haplotype blocks separately as well. The total number of variant sites does not include the two deletions (À397 to À391del and IVS2+753 to +754del). Nucleotide diversity is shown as p ( Â 10
À4
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T Bernig et al Heterozygosity and selection at MBL2 T Bernig et al 465 software, version 2.0 (shown in Figure 4) . 51 The population recombination parameter r was estimated from diploid data. A 1.6 kb region, which separates two blocks, probably includes a recombination hot spot. The density of common SNPs (MAF40.05) is comparable for the two-block structures, namely 36 in the 5 0 block of 6.0 kb and 11 in the 3 0 block of 2.0 kb. The recombination rate (r) inside the hot spot is increased approximately 15-fold compared to the background recombination rate across the rest of the MBL2 gene in AA and roughly 20-fold in the same region in the Hispanic group. The peak is also evident; though not as high in CA and PR, still suggesting that there has been a recent increase in recombination in this region. Thus, we conclude that a possible recombination hot spot lies in the coding region of exon 4, which shows lower nucleotide diversity than the adjacent regions.
Since LD is expected to decrease with physical distance, the above recombination site further accounts for the block structure of MBL2. Based on the observed linkage between SNPs in the blocks, we investigated the possibility that gene conversion could contribute to this complex pattern. We used the statistical method described by C. Stephens that classifies each polymorphic site and partitions sequences to determine the probability that conversion has taken place. 52 In our data, this method detects two possible gene conversion tracts in MBL2. The first cassette contains the complete exon 2 and adjacent intronic sequence, whereas the second cassette exon 4 and adjacent sequence of the 3 0 UTR. The first one includes variations at positions IVS1 þ 573, IVS2 þ 363, IVS2 þ 725 and IVS2 þ 950, and the second cassette includes the SNPs at positions IVS3 þ 709 and 3129, which is embedded in the described possible recombination hot spot. An estimate of the maximal size based on the two outmost loci is approximately 1.5 kb for both cassettes. No trans-species SNPs were observed in either conversion tract, but the minor alleles for three SNPs (eg, IVS1 þ 573, IVS2 þ 363 and IVS3 þ 709) were fixed in the chimpanzee sequence. BLAT searches based on the nucleotide sequences of both tracts did not locate a paralogous sequence in the human genome, suggesting that, if conversion has occurred, it was between different alleles of MBL2 and could be larger than the expected length of gene-conversion tracts, less than 1 kb. 53 Haplotype block structure and restricted pattern of haplotype distribution Haplotypes were inferred from unphased genotype data of the 51 variants, with a MAF Z0.05 for each population separately using the Bayesian statistical method of PHASE, version 2.0. The number of observed haplotypes across the entire locus, ignoring the internal block-like structure, was n ¼ 46 (AA: n ¼ 27; HSP: n ¼ 20; PR: n ¼ 14; and CA: n ¼ 13, see Figure 5 ). The total number of observed haplotypes was less than the expected minimal number of haplotypes, based on the number of SNPs (n ¼ 51) and the predicted minimal number of haplotypes (n þ 1; n is the number of variants). 54 Overall, there were more estimated haplotypes in subjects of African ancestry. [55] [56] [57] In all, 31 haplotypes were population specific, with the highest number in AA (Table 3 ). The wild-type 'secretor haplotype' LYPA did not lie on a unique locus-wide haplotype. Additional variants linked to this secretor haplotype appeared to be populationspecific; for example, two promoter SNPs at À1102 and À504 are common in AA and PR. Common haplotypes in CA were molecularly confirmed in the CEPH pedigrees (shown in the analogous column in Figure 5 ); these represented 65% of the observed haplotypes across the entire locus in the total population (AA: 0.33; CA: 0.77; PR: 0.67; HSP: 0.65). Six were shared by all the four populations and account for 57% of all alleles.
Based on the LD pattern of MBL2, we analyzed each of the two blocks separately and observed that there is evidence for more constraint on the 3 0 haplotype block. We did not observe linkage between the 5 0 and 3 0 blocks. We estimated at least 24 haplotypes in the 5 0 block and seven in the 3 0 block. In all, 13 haplotypes in the 5 0 block were population private, whereas only two were population private in the 3 0 block. For the 5 0 block, there are five common haplotypes, shared across the four groups, which account for 76% overall; in the 3 0 block, there were three shared haplotypes which account for 88% overall. Further comparison between human and chimpanzee sequences indicates that, in both block structures, ancient variants (ie fixed variants) are strongly linked with more recent variants, but on a restricted number of haplotypes. The most ancient 3 0 block haplotype does not appear to be linked to the oldest 5 0 haplotype. The structural SNPs, namely B, C and D, in exon 1 lie on a restricted number of extended 5 0 haplotypes, which we confirmed in 86 additional chromosomes (26 B, 47 C and 13 D alleles) from 83 individuals (45 AA, 38 CA). The distribution of haplotypes differed by group: as published in previous studies, B and D alleles were common in CA, whereas the C allele was most frequent in the population of African origin (see Figure 6) . 10, 14 The B allele was strongly linked to an additional SNP in the Population-specific haplotypes; haplotype distribution is shown across the entire locus and with regard to the block-like structure based on r for each of the four populations separately. The 'secretor haplotypes' are only based on their six markers without additional loci (H/L, X/Y, P/Q as well as B, C and D).
Heterozygosity and selection at MBL2 T Bernig et al 467 promoter (at bp À1965) that is not present on the extended ancestral LYP 5 0 haplotype. An analysis across the entire gene indicates that the 5 0 haplotypes including B or C alleles are recombined with different 3 0 haplotypes, but the D allele lies on a restricted (locus-wide) haplotype without evidence for recombination in the observed chromosomes (see Figure 6 ). This latter point supports the conclusion that the D allele could be the most recent. Interestingly, there is a novel, recombinant form (HYQA) in a PR individual not reported in other studies ( Figure 5 ). Additionally, in the pedigree analysis of three-generation CEPH CA families, there was also no evidence for strong linkage between 'secretor haplotypes' and 3 0 haplotypes (see Figure 5 ). The evolutionary relationship of MBL2 haplotypes shown in neighbor-joining tree analysis (Figure 7a and b) supports the assumption that recombination between the 5 0 end and the 3 0 end of the MBL2 gene has taken place recently. In a constructed tree analysis based on all observed 46 haplotypes across the entire gene, we would expect that a 'secretor haplotype' would follow one major branch in a phylogenetic tree (tree not shown). The fact that both 5 0 and 3 0 haplotypes lie on different branches of an unstable tree suggests probable crossingover events and the presence of an intervening recombination hot spot. The observed phylogenetic relationship, namely the unstable tree, cannot be explained by gene conversion alone, suggesting that there has also been recombination, leading to a two-block structure. The calculated trees (see computational and statistical analysis) estimated substantial restriction of haplotype diversity, as evidenced by the lower number of branches and high bootstrap values, especially for the 3 0 block haplotypes. The data suggest that the ancestor for the present 'secretor haplotypes' is positioned somewhere between LYQA and LYPA, but without an intermediate haplotype (dashed line in Figure 7a ). However, LYPA is intermediate between 'secretor haplotypes' without the Q allele. Furthermore, the SNP À2479 distinguishes two major lineages of haplotypes that are bearing the Y allele (pointed squared in the cladrogram in Figure 7a ). Our data support the contention that the B and D mutations are more recent than the more ancient C allele. The cladrogram of the common 3 0 block haplotypes shows two major lineages that are separated by the ancestral haplotype (dashed line in Figure 7b ).
Discussion
Genetic variation in the MBL2 locus has been associated with susceptibility to infectious diseases and autoimmune disorders, raising the possibility that there could be selective advantages for variation in terms of host response to pathogen challenges. Moreover, the complexity of signatures of possible balancing selection in MBL2 implies that heterozygosity could be beneficial, especially with regard to its role in innate immunity. The majority of existing studies have examined the three nonsynonymous SNPs in exon 1, and in a minority the 'secretor haplotypes'. The correlation between circulating MBL levels and function and the 'secretor haplotypes' is adequate, but could misclassify as many as 15% of samples based on the six genotypes.
9,10,58 In our study, we have re-sequenced the entire MBL2 gene (including the promoter region) to determine the pattern of LD across the gene in four test populations. The observed 87 polymorphic sites in MBL2 represent a higher density of SNPs than the observed average SNP distribution across autosomes. 59 Even though the variants have different distributions in the four populations, the estimates of nucleotide diversity (p, y) in each population are higher than the average estimates for human autosomal diversity, when analysed across the genome or specific to chromosome 10. 59, 60 The difference between these findings and expected higher values of rare variants under an infinite-sites model could be explained by the power of this study to identify rare SNPs with a minorallele frequency o0.05 to at most 87.0%.
61, 62 However, in prior sequence analysis of a collection of human genes using a similar population sample, the majority of the observed SNPs were rare, with a frequency less than 0.05. 63 Overall, a high level of sequence diversity and an excess of intermediate-frequency variants can be seen under balancing selection. Unlike directional selection, balancing selection, such as overdominant selection, can maintain more alleles at a locus. This can arise because of an advantage conferred by a rare allele, while hitchhiking accumulates additional variants.
The increased heterozygosity observed in MBL2 is particularly interesting in a gene encoding a critical component of innate immunity, and suggests that, despite its high degree of conservation, this gene bears the signature of recent balancing selection, possibly varying by region of the gene in accordance with functional domains to be established. Under this assumption, we would expect a positive departure from neutrality in both Tajima's and Fu and Li's statistic. However, positive values of both statistics capture an excess of intermediate-frequency variants, which can be expected under either balancing selection or population subdivision. The significance of these findings for both Tajima's and Fu and Li's tests only within the Caucasian test group is strengthened by fact that Caucasians Only bootstrap values greater than 70% are shown. Haplotypes that were observed only once as well as recombinant haplotypes (HYQA) and haplotypes with a possible recurrent mutation were excluded. Only the sequence up to the possible gene conversion tract was considered (IVS1 þ 366) 5 0 , whereas the 3 0 block contains all 11 SNPs. The 5 0 haplotypes were labelled with the underlying 'secretor haplotype' and the different haplotypes are presented next to the tree (blue box, major allele; yellow box, minor allele). The tree is rooted to the sequences of the MBL2 orthologous in chimpanzee (n ¼ 5) and orang-utan (n ¼ 1). The P/Q (SNP À66, aka þ 4) allele distinguished two major lineages in the 5 0 tree (dashed lines). Additionally, SNP À2479 separates two distinct clusters of haplotypes bearing the Y allele (pointed squares in a). The LYPA 'secretor haplotype' is represented by four major 5 0 haplotypes. In the 3 0 block tree, the ancestral haplotype is located between two major clusters in the cladrogram (dashed squares in (b)).
represent a very homogenous population, 64, 65 relative to the other three test populations in this study. This indicates that our results for the neutrality tests are unlikely to be caused by a confounding population substructure within the Caucasians. The strength of the detected signals of selective effects in the Caucasians is further supported by fact that Tajima's and Fu and Li's statistics can lack power to detect selection. 66 Moreover, we performed a conservative analysis by assuming no recombination and a constant population size, which further substantiates our conclusions.
Analysis of the pattern of LD suggests that MBL2, a gene of approximately 6 kb, can be partitioned into two separate blocks and that there is compelling evidence for a complex pattern of evolution for this conserved component of innate immunity. More recently, studies have reported that the genome can be divided into blocks defined by LD between pairs of marker in a range from 5 to 100 kb with population differences in the extension. 42, 54, 55, 57, 67, 68 Most of these studies report LD data for markers spanning large genomic regions, and used pre-ascertained SNPs from public databases with limited marker density. 56, [69] [70] [71] The identification of smaller blocks within candidate genes is probably beyond the resolution of these studies because of inadequate marker density for detection of LD patterns. 72 Presently, blocklike patterns have been observed in several human gene loci, for example, in the promoter of the b-globin gene, CYP19, LRP5, CD36, TNFRSF6 and TCRB. 44, [73] [74] [75] [76] [77] [78] In general, methods for detecting blocks are partly subjective and no single approach definitively establishes block boundaries, especially if there is evidence for possible gene conversion as presented in this analysis of MBL2. It has been assumed that intervening recombination hot spots generate separate haplotype blocks, and in select studies recombination hot spots have been characterized. [79] [80] [81] [82] In our analysis of MBL2, the LD pattern permits us to infer a recombination hot spot based on the evidence of the underlying recombination rate (r) and the LD between individual SNPs across the MBL2 locus. Still, the block boundaries are open to interpretation, as per the results of alternative simulation programs for boundaries, which do not always define hot spots. 71, 72 In addition, we used the Dynamic Programming Algorithms (DPA) for haplotype block partitioning to estimate the block pattern. 70, 83 Although it has been shown that this approach identified fewer and larger haplotype blocks than a LD method, 84 it separated a 3 0 block of identical size based on the observed haplotypes in our data set.
In our analysis of the complex haplotype structure of MBL2, we observed a high degree of LD between pairs of sites and an excess of intermediate frequency variants in both blocks. We conclude that there is a probable recombination hot spot in the 3 0 end of the gene. Three additional points support this contention: (1) the lack of linkage between blocks in the pedigree data; (2) the ability to construct separate phylogenetic trees; (3) individuals who are homozygous for a particular haplotype in one block but are heterozygous in the other block. Moreover, the LYQA and LYQC haplotypes, which differ just by the structural mutation in exon 1 but constitute the most ancient haplotypes, are still linked to different common 3 0 block haplotypes. It is plausible that recombination not only disrupts LD across this single gene, but also acts in a diversifying mode in MBL2 by shuffling the variants contained in the haplotypes of both blocks.
In addition to the evidence for a partitioned block structure, we identified two possible gene conversion tracts of approximately 1.5 kb each in MBL2. Several studies demonstrate that, at intragenic distance, gene conversion without exchange of flanking markers, rather than crossing over, is likely to interrupt the LD structure. [85] [86] [87] In MBL2, gene conversion could act as a second-level mutator between haplotypes. For the human major histocompatibility complex class I and class II loci, gene conversion is involved in the generation and maintenance of polymorphism in the sequence encoding the peptide-binding region by some form of balancing selection, most probably over dominant selection. 88 The human C4A and C4B genes are highly polymorphic and the patchwork allelic structure has also been attributed to conversion tracts. 89, 90 Gene conversion can lead to homogenization, as shown in the example of CYP21 and its pseudogene CYP21P, 91 and in the introns of some HLA genes. 92 As with the HLA locus, the detection of possible gene conversion events could imply functional consequences of past selective pressure on segments of MBL2. It is plausible that one or more of the DNA conversion cassettes contributes to the decrease in heterozygosity across this part of the gene. The first tract includes exon 2, which encodes part of the collagen domain. The second tract includes exon 4, which encodes the carbohydrate recognition domain (CRD) of the MBL molecule. 11, 93 It is notable that neither putative tract possesses a non-synonymous SNP. Still, there could be a selective advantage for diversification of the 3 0 end of the gene, where one or more SNPs in the 3 0 UTR could influence expression or stability of the gene. Still, additional study is required to determine whether any of the SNPs in this region are associated with variation in circulating levels or function of MBL2.
Subsequent analysis of 83 more subjects carrying at least one of B, C and D (n ¼ 45 AA and n ¼ 38 CA) confirms that the haplotype structure on which each resides is restricted in the 5 0 block as well as in the 3 0 block (see Figure 6 ). Similarly, there is no evidence that any specific 3 0 haplotype is strongly linked to each haplotype on which B, C and D reside. Moreover, extended 5 0 haplotypes containing the C and D alleles differ by only the non-synonymous SNP, whereas for the B allele the haplotype includes an additional SNP (at À1965 bp) in the promoter. Initially, Madsen et al 10 proposed a model for the evolution of MBL2 based on the 'secretor haplotype' data. We confirm the model that the oldest haplotype of MBL2 is related to LYQA and LYPA (see phylogenetic trees in Figure 7a ), but show that restricted haplotypes extend in the 5 0 direction and that the 3 0 block is probably independent of the 5 0 blocks. These findings also show that the 'secretor haplotypes' associated with lower production are more ancient, and that the 'secretor haplotype' associated with high levels, namely HYPA, evolved later. 9 This raises the possibility that could have arisen in response to alternative challenges, such as endemic infection. The F ST values of the SNPs that define the HYPA 'secretor haplotype' are aberrant in the F ST plot across the entire gene, and specifically indicate the differences between African and non-African ancestry.
The phylogenetic tree in Figure 7a suggests that the distinct haplotypes carrying LYPA could predate LXPA and HYPA 'secretor haplotypes', both observed in AA. Prior studies have shown that the B allele is rarely seen in African ancestry, which was confirmed in our study. 10, 14, 94 As LYPB and HYPD occur with high frequency in non-African populations and share nearly all segregating sites for haplotype determination, we propose that the older 'secretor haplotypes' are LYPA and HYPA. Furthermore, this would date B and D as alleles that arose later. As both HYPA and LYPB are rooted to the LYPA haplotype, the D allele could be younger than B. Overall, we propose that balancing selection has maintained the structural variants on a limited number of haplotypes, which suggests that variation in MBL2 has been under strong selective pressure until recently (and still could be). The C allele is probably the oldest because it resides on the most highly conserved, LYQA, which is most closely related to primate sequence data. The absence of each of the three alleles in ancestral sequences, together with the distribution of haplotypes across populations, supports the idea that recent selective pressure has not fixed one or more 'secretor haplotypes'.
At this time, it is still speculative as to what influences have contributed to the preservation of heterozygosity in exon 1, resulting in the structural alleles. It is likely that changes in the circulating levels and function of variant proteins could have a selective advantage in response to environmental pressures, such as infection. Nearly 60% of the sub-Saharan populations contain the C allele, which suggests that MBL deficiency could provide protection against intracellular pathogens, such as tuberculosis. Already, preliminary studies have suggested that heterozygotes for B, C or D could be protected against severe tuberculosis infection. 25, 95, 96 It is also possible that lower MBL serum levels could serve to reduce the deleterious effects of excessive complement activation via the lectin pathway. 97 In our data, we have surveyed the common variants in MBL2 and observed evidence for a high degree of heterozygosity across the gene, yet a restricted number of haplotypes in each of the two blocks. Moreover, it will be necessary to extend the analysis beyond the blocks defined in this study to include neighbouring genes, which encode proteins with overlapping functional properties, such as the two lectins SP-A and SP-D.
Our high-resolution SNP map of MBL2 and the LD pattern indicates a probable recombination hot spot inside the gene. Despite a higher marker density, the restricted haplotype distribution supports the assumption that the structural mutations B, C and D arose more recently and that the 'secretor haplotypes' could have been maintained by balancing selection. Furthermore, the absence of the three structural alleles (B, C and D) in ancestral sequence together with evidence for population differences in distribution suggest that MBL2 has been under recent selective pressure. Distinct haplotypes in the 3 0 block can vary by population but appear to be independent of the 5 0 blocks, which could be the hallmark of strong selective pressure acting to diversify separate regions of the gene. The availability of a more fully annotated MBL2 gene will be useful in determining whether additional SNPs contribute to the regulation of circulating MBL levels and the functional consequences of common genetic variation. Investigation of the functional consequences of SNPs within the promoter elements of the MBL2 gene could be informative in elucidating its regulatory elements. 98 It is also plausible that, within the restricted 3 0 haplotype pattern, there could be specific SNPs that influence the regulation of translation and mRNA stability. [99] [100] [101] [102] We conclude that further work is required to determine if exclusive use of the classical 'secretor haplotypes' is sufficient to capture the importance of genetic variation of MBL2 to a range of infectious and autoimmune diseases in MBL2. Future association studies will probably require a more comprehensive locus-wide approach.
Materials and methods
Population samples
Re-sequence analysis was performed on genomic DNA from 102 unrelated, anonymized and ethnically selfdescribed individuals available from the Coriell Institute (Camden, NJ, USA, http://locus. umdnj.edu) and now used for the SNP500cancer project (http://snp500can-cer.nci.nih.gov). 103 Four separate subgroups, representing the four major ethnic groups in the USA were included, 24 Africans/African Americans (AA), 31 Caucasians (CA), 23 Hispanics (HSP) and 24 Pacific Rim (PR). Bi-directional sequence analysis of 204 chromosomes would be expected to identify 99% of the common SNPs, namely those with a minor allele frequency of greater than 5% and at least 87.0% of variants with a frequency greater than 1% in each population. 62 Molecular haplotypes were determined in Caucasian family pedigrees of eight CEPH/ Utah families with three generations (Coriell Cell Repositories: #102, #884, #1331, #1332, #1333, #1347, #1362, #1413). Additionally, 94 additional CA individuals and 94 additional AA individuals were analyzed to examine ancestral haplotypes carrying the structural SNPs in exon 1 (B, C and D). Five common chimpanzees (Pan troglodytes verus, Coriell Cell Repositories: NA0345, NA03448, NS03489, NS03610, NS03621) were sequenced across the corresponding genomic sequence. Sequence analysis was performed across the promoter (including H/L, X/Y and P/Q) and exon 1 in one orang-utan (Pongo pygmaeus, NA04247).
Detection of variant sites by re-sequencing of MBL2
A total of 29 overlapping PCR primer pairs were designed from the human MBL2 genomic sequence (Refseq NT_033898, NCBI build 31, November 2002, locus ID 4153) using PCR-Overlap software (http:// pga.gs. washington.edu/software.html) 104 and the webbased version of the Primer3 software (http://wwwgenome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi). 105 Primers were designed for a continuous sequence of 10.0 kb including the MBL2 locus, 3.0 kb upstream from exon 1 and roughly 0.7 kb downstream of the poly-A tail (Appendix Table A1 ), and specifically excluded coamplification of the expressed but untranslated truncated pseudogene (MBL1P1) with three possible intraframe stop codons, which also resides on chromosome 10 (10q22.2-22.3, locus ID 8512). 106 The mVISTA web server was used to search for evolutionary conserved regions between human and mouse genomic sequences (http:// www-gsd.lbl.gov/vista) [107] [108] [109] derived from the homologue mouse mblc sequence (RefSeq NW_039687, NCBI build 32, October 2003, locus ID 17195).
Sequence analysis was performed on amplified fragments generated by standard PCR techniques. 103 In all, 20 ng of gDNA was used in each reaction and amplification conditions were as follows: initial 951C for 10 min; 38 cycles at 941C for 30 s, 581C for 45 s, 721C for 45 s and a final extension at 721C for 10 min. Bi-directional sequence analysis was performed using Big Dye version 3 (ABI Perkin-Elmer), modified for one-quarter strength reactions and the following conditions used: initial 961C for 2 min followed by 25 cycles at 961C for 10 s, 501C for 10 s and 601C for 4 min. Sequence reactions were analyzed on an ABI Perkin-Elmer 3700 platform with Sequencher software version 4.0.5 (Gene Codes Corporation, Ann Arbor, MI, USA). A genetic variant was verified only if it was observed in both the forward and the reverse orientations.
Owing to the high similarity in the nucleotide sequence between human and non-human primates, the same primer pairs were used to sequence the MBL2 orthologous and surrounding sequence in the genomes of two different ape species.
Computational and statistical analysis Allele and genotype frequencies for each variant site were determined and the w 2 statistic with one degree of freedom was used to test for deviation from HardyWeinberg equilibrium (HWE) in each estimated population. The direct estimate of per-site heterozygosity (p) was derived from the average pairwise sequence difference, 110 and Watterson's y represents an estimate of the expected per-site heterozygosity. 111 Tajima's D (D T ) 112 and Fu and Li's D (D F ) and F statistics without an outgroup 61 were performed to determine if the observed patterns of diversity in the different test populations are consistent with the standard neutral model. DnaSP software (version 3.53) was used to calculate these parameters (http://www.ub.es/dnasp/). 113 The F ST statistic was calculated both for each site and over all sites to determine genetic variance between populations. 114 F ST was also calculated as a pairwise comparison of the four sample populations by using ARLEQUIN 2.0 software (http://lgb.unige.ch). 115 LD between pairs of variant sites was computed using ID'I and r 2 . Haplotypes were estimated from unphased genotype data using the Bayesian statistical method in PHASE2.0 (http://www.stat.washington.edu/stephens/ software.html). 51, 116 A scatter plot for each population presents the resulting variance of r across a 10.0 kb region that includes the entire MBL2 gene and defines recombination hot spots. MEGA2 (http://www.megasoftware.net) 117 was used to construct neighbor-joining trees-based evolutionary distance between sequences (Juke-Cantor parameter) for each haplotype block separately and across the entire gene locus. The trees were rooted with the sequence of the chimpanzee and orang-utan orthologous of MBL2. Since recombination or gene conversion can obscure the genealogical relationship between allele, an analysis was limited to 5 0 by ending at the border of the possible conversion cassette. A total of 87 variant sites including two deletions were detected; n equals the number of individuals sequenced. a Nucleotide position in the promoter, the coding sequence, the 5 0 and 3 0 UTR and in the 3 0 flanking region based on the start codon (ATG) in exon 1; the intronic nucleotide position reflects the distance to the first base of the intron. b Known polymorphisms (SNPs, insertions/deletions) from build 120 of dbSNP (http://www.ncbi.nlm.nih.gov/SNP). c Observed allele in the MBL2 chimpanzee orthologous (n ¼ 5). d Tri-allelic SNP 2659; observed frequency of the third allele (A) total 0.11; AA 0.06; CA 0.16; PR 0.15 and HSP 0.11.
